ABSTRACT-The mechanotransduction mechanism is believed to play an important role in maintenance of cellular homeostasis in a wide variety of cell types. In particular, the mechanotransduction system in vascular endothelial cells may be an essential mechanism for local hemodynamic control. Elevations in intracellular free Ca
Introduction
Mechanotransduction mechanisms have been found not only in sensory cells but also in a wide variety of cell types, including vascular endothelial cells, smooth muscle cells, lung epithelial cells, bone cells and lens epithelial cells (1, 2) . These cells sense mechanical stress through mechanosensors, leading to various cellular responses in order to maintain cellular homeostasis. It is well known that shear stress associated with blood flow causes release of nitric oxide and prostacyclin from endothelial cells through activation of mechanotransduction systems, resulting in vasodilation and cell remodeling, which are specific cellular functions (3, 4) . In the initial step of mechanotransduction, increases in intracellular free Ca 2+ concentration ( [Ca 2+ ]i) serve as an important signal; moreover, mechanosensitive (MS) cation channels are believed to function as a putative pathway. However, genes or cDNAs encoding eukaryotic MS channels have not been identified with the exception of the yeast MID1 gene product (5) . In addition, no endogenous substances affecting mechanotransduction are known except ATP, which may mediate shear stressinduced Ca 2+ signaling through P2X4 purinoceptor in endothelial cells (6) . Thus, the molecular mechanisms of mechanotransduction and MS channel are poorly understood.
We demonstrated for the first time that lysophosphatidic acid (LPA), a bioactive phospholipid, sensitizes response of [Ca 2+ ]i to mechanical stress in the form of spritzing of bath solution onto cultured longitudinal muscle cells from guinea pig ileum (7) . This [Ca
2+
]i response was inhibited by pretreatment with Gd
3+
, an inhibitor of MS channels (8, 9) , suggesting that LPA enhances Ca 2+ influx through MS channels. A similar sensitizing effect of LPA was also observed in cultured human lung epithelial cells (10) , cultured bovine lens epithelial cells (11, 12) and cultured bovine aortic endothelial cells (13) . ]i response, a mild, quantitative method for mechanical stimulation of cells was required. Therefore, spritzing of bath solution onto cells was employed as a mechanical stress. Bath solution was spritzed onto cells from a pipette oriented in a perpendicular arrangement at an appropriate constant flow rate with a peristaltic pump. The tip of the pipette was placed 0.2-mm above the cells of interest. The inner diameter of the tip was 0.5 mm. All observed cells could be simultaneously stimulated by this method under identical conditions. This mechanical stress did not affect acquisition of fluorescent images and induced a reproducible response; however, a combination of both flow and pressure stress may have been involved. Estimated intensities of the shear and the pressure stresses occurred within physiological range (16 ]i in the presence of LPA in ileum smooth muscle cells (7), lung epithelial cells (10) and lens epithelial cells (11, 16) (Fig. 1A) . The increase in [Ca 2+ ]i abated, with a return to the resting state within several minutes after mechanical stress. This phenomenon was reproducible in the same cells for at least several hours. ]i were occasionally observed in lens epithelial cells during the rising phase, despite the acquisition of images with a conventional confocal system at 1-s intervals.
Mechanical stress-induced increases in [Ca

Visualization of Ca
Cultured lens epithelial cells were considered to be suitable for examination of Ca 2+ response through MS channels; consequently, we attempted to visualize the mechanical stress-induced Ca 2+ response utilizing a realtime confocal imaging system. Our apparatus consisted of a multi-pinhole Nipkow disk-type confocal scanner (CSU10Z; Yokogawa Electric Co., Tokyo) and a high-speed cooled digital CCD camera fluorescence imaging system (ARGUS HiSCA; Hamamatsu Photonics, Hamamatsu), which permits acquisition of sequential fluorescence images at intervals of less than 20-ms (18) . Neither addition of 3 mM LPA nor application of mechanical stress affected [Ca 2+ ]i as shown in Fig. 1A . In the presence of LPA, the mechanical stress caused local increases in [Ca 2+ ]i in several regions within the cell (Fig. 1B) .
Each local increase in [Ca
2+
]i occurred independently and preceded the averaged increase over the entire area of the cell following a lag time during mechanical stress ( Fig. 1: B -mobilizing agonist, in cultured lens epithelial cells (Fig. 2) . In the Ca 2+ spot, the rising rate and maximum level of [Ca
]i were highest in the starting region and decreased in inverse relation to the distance from the starting region ( Fig. 2A) . On the other hand, the rising rate and the maximum level of [Ca 2+ ]i in the Ca 2+ wave induced by ATP were nearly constant regardless of the distance from the starting region (Fig. 2B ). In addition, the maximum rising rate of the Ca 2+ spot was greater than fivefold higher than that of the ATPinduced Ca 2+ wave. The spatiotemporal properties of Ca 2+ spots indicated that they reflected Ca 2+ supplied solely from the restricted starting region which diffused passively into the surrounding area; in contrast, ATP-induced Ca 2+ waves were actively propagated via a mechanism involving inositol-1,4,5-trisphosphate-induced intracellular Ca 2+ -release (19) . In addition, as Ca 2+ spots were inhibited by Gd , but not by thapsigargin, it was thought that Ca 2+ spots reflect Ca
entering through MS channels diffusing passively into the surrounding area.
Sigurdson et al. (14) reported that gently prodding cultured heart cells with a pipette produced Ca 2+ influx through stretch-activated ion channels. Furthermore, this work opined that treatment of the channels as point sources resulted in the diffusion of ions away from the channel with hemispherical contours of equal concentration according to ]i are considered to be physiologically suitable properties for detection of strength as well as direction of mechanical stress, a stimulant with vector, in contrast to chemical stimulants. In other words, our results suggested that the starting regions of Ca 2+ spots are the sites at which functional elements of mechanotransduction systems coexist with MS channels; moreover, these are also the sites at which stress induced by mechanical stimulation is focused. However, these sites could not be distinguished anatomically from other sites in the cell. Therefore, Ca 2+ spots are also believed to be suitable for identification of sites at which stress induced by mechanical stimulation is focused, whereas patch-clamp recording can detect MS channel activities only within a restricted area of a few square micrometers.
Fluid flow-induced [Ca
2+
]i increase in the presence of LPA in bovine aortic endothelial cells LPA, a lipid mediator with diverse biological activities in various cell types (22) via LPA receptors, termed the Edg (endothelial differentiation gene) receptor subfamily (23) , occurs in serum at physiologically relevant concentrations (24, 25) . LPA is present at concentrations of 0.29 and 3.21 mM in normal human plasma and in plasma of multiple myeloma patients, respectively (26) . In addition, it has been demonstrated that LPA accumulates in human atherosclerotic lesions, suggesting a role of LPA as an atherothrombogenic molecule (27) . Therefore, it is possible that LPA affects the fluid flow-induced cellular response in endothelial cells.
In order to clarify this possibility, we monitored [Ca
]i changes in cultured bovine aortic endothelial cells during application of fluid flow to the cells in the absence and presence of LPA (Fig. 3) (13) . ]i from regions near the cell edge (Fig. 3A) .
Each local increase in [Ca
2+
]i occurred independently in >80% of the cells observed in a microscopic field following a lag time of a few seconds during application of fluid flow. As presented in Fig. 3B , the spatiotemporal properties were similar to those of Ca 2+ spots observed in lens epithelial cells (16) . In addition, the pharmacological properties of the local increase in [Ca 2+ ]i showed that the response was due to Ca 2+ influx through MS channels (13) 
Physiological and pathophysiological role of LPA in mechanotransduction of endothelial cells
A similar sensitizing effect of LPA was observed in our recent preliminary studies using cultured human umbilical arterial endothelial cells and mouse aortic endothelial cells in situ (H. Ohata et al., unpublished data). As a result, the possibility exists that LPA functions as an essential factor for the fluid flow-mediated endothelial cell response at normal submicromolar levels, which can affect the progress of vascular pathogenesis via endothelial dysfunction at the pathophysiological level. LPA accumulates in human atherosclerotic lesions (27) or is released from activated platelets (25) , and it may subsequently contribute to several vascular responses such as changes in endothelial cell morphology (28) , wound healing (29) and permeability (30) . The positive regulating effect of LPA on the fluid flow-induced Ca 2+ influx may be involved in these processes in endothelial cells. These results support a physiological and pathophysiological role of LPA in endothelial cell-related cardiovascular function.
In concert, our findings indicate the possibility of a significant contribution of LPA as an endogenous factor regulating mechanotransduction and as a molecular target for endothelial cell-related vascular abnormalities. In addition, we propose that Ca 2+ spots may be a universal phenomenon occurring as an elementary Ca
2+
-influx event through MS channels directly coupled to the initial step in mechanotransduction. Moreover, detection of Ca 2+ spots employing imaging techniques may contribute to the further elucidation of mechanotransduction mechanisms. 
